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Page viii: The symbol for the definition of Range, km (X) the eighth symbol from 
the bottom; is correctly written as follows: 

x Range, km 

Page viii: The correct definition for the symbol E ,  the sixth symbol from the bottom 
(Propellant mass fraction, W /W ) is correctly defined as: 

P O  

t; Propellant mass fraction, WJWO 

Page 7: The introductory phrase to equation ( 9) (The range and pericenter altitude 
can then be calculated by the relations) is correctly stated: 

The range and altitude can be calculated by the relations 

in the right side of equation ( 9 ) .  The equation 'a 
r Page 7: Ddete the term - 

is correctly stated: 

x = v sin 8 dt 

Page 7: Delete the Moon subscript ( (t ) in the right hand side of equation (11). The 
equation is correctly written: 
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PARAMETRIC PERFORMANCE ANALYSIS 

FOR LUNAR ORBIT BRAKING AND DESCENT 

SUMMARY 

The effects of thrust-to-weight ratio,  specific impulse,  and 
altitude on t ra jectory parameters  have been investigated for  braking to 
lunar orbit  and descent to the lunar surface from this lunar parking 
orbit .  A single s'tage with constant thrust  directed against the velocity 
vector was used in all instances.  
seconds and earth-to-moon t ransfer  t imes for  braking of 50 ,  60,  and 
72 hours were..used for comparison. 

Specific impulses of 300 and 420 

The resul ts  of the study show the variations of the braking 
t ra jectory parameters  for  ear th  thrust-to-weight ratios f rom 0. 1 to 1. 0 .  
The descent variations a r e  limited to ear th  thrust-to-weight ratios f rom 
0 . 2  to 0 . 5 .  These parameters  include t rue  anomaly, change in altitude, 
flight path angle, range angle during thrusting, burning t ime, character is t ic  
velocity, propellant fraction, and velocity losses .  



SECTION I. INTRODUCTION 

Orbital  operations a r e  of grea t  in te res t  in  lunar exploration 

Pre l iminary  analysis of lunar missions requires  a rapid 
because of requirements imposed by the landing s i te ,  energy, and 
tracking. 
method of sufficient accuracy for  determining t ra jec tory  parameters .  

The purpose of this report  i s  to present  t ra jectory parameters  
for the powered lunar braking and lunar landing maneuvers .  
parameters  presented a r e  the following: velocity, altitude change, 
chan'ge in flight path angle, change in  cent ra l  angle,  t rue  anomaly, 
burning t ime,  propellant m a s s  fraction, and velocity losses .  

The 

The approach used for the braking maneuver was to determine 
the a r r i v a l  velocity for  a given t ransfer  t ime and initiate burning s o  
that c i rcu lar  orbi t  conditions we r e  attained a t  burnout. 

F o r  the descent maneuver,  an impulse was applied in a parking 
orbit  to attain a t ransfer  ellipse with a 10-kilometer pericenter 
altitude. At the proper point on the t ransfer  ell ipse,  powered braking 
was initiated to a r r ive  at a 300-meter altitude with zero  velocity. 
both cases  , the analysis was limited to planar t ra jec tor ies  with a l l  
aerodynamic and perturbative forces  being neglected. 
were integrated on a digital computer, using a Runge-Kutta numerical  
integration procedure.  

In 

The equations 

2 



SECTION II. ASSUMPTIONS 

A summary  of the basic assumptions used in this analysis follows: 

1. F o r  braking, deceleration using a single propulsive stage 
f r o m  earth-moon t ransfer  to c i rcu lar  lunar orbit ,  using constant thrust  
directed against the velocity vector.  

2 .  F o r  descent, deceleration using a single propulsive stage 
f r o m  a t ransfer  ell ipse to  a 300-meter (hover) altitude and zero  velocity 
using constant thrust  directed against the velocity vector.  

3. Initial per icenter  and parking orbit  altitudes: 

h =  5 0 k m  

h = 100 km 

h = 200 km 

h = 300 km 

4. F o r  comparison, specific impulses  of 300 and 420 seconds 
were  used. 

5. The thrust-to-weight ratio for  a chemical stage w a s  varied 
parametr ical ly  f rom 0.  1 to 1 .0 .  

6 .  Mean spherical  moon: 

= 4906 km3/ secz 
pa 

rc = 1738.3 km 

3 



SE C TION 111. ANAL Y SIS 

In lunar mission programs,  it is  a s sumed  that one mode of lunar 
flight and landing will be by way of t r ans fe r  f r o m  a c i r cu la r  orbi t  around 
the moon. 
with a relative hyperbolic flight velocity. 

In general ,  a spacecraf t  will approach the vicinity of the moon 

The velocity requirements  for  injection f rom a lunar t ransfer  
were  calculated using the equations of motion for  a vehicle flying into 
orbi t  with the thrus t  directed against  the velocity vector .  
velocity and per icenter  altitude f rom sphere-of-influence calculations 
were  used fo r  the ear th- lunar  t r ans fe r  (Figure 1).  
though not exact,  a r e  sufficient for  prel iminary calculations.  Referring 
to the sketch below, computations were made fo r  a point m a s s  moving 
in  a plane. 

Relations of 

These velocit ies,  

LUNARCENTER 

4 



I 

The method of landing on the lunar surface w a s  to d i rec t  the 
thrust  against the velocity vector (a  = 180') and follow a gravity turn 
path. The sketch below i l lustrates  the conditions at initiation of burning. 

I 

, 

Parking Orbit 

F i r s t ,  an impulse was applied against the velocity vector to 
attain the t ransfer  ell ipse.  
ell ipse was taken as  10 ki lometers  to insure against collision with the 
surface i f  powered descent were  not initiated: 
was selected because of surface i r regular i t ies ,  guidance e r r o r s ,  re t ro-  
thrust  e r r o r s ,  etc.  
expend the energy at as low an  altitude as possible. 

The per icenter  altitude of the t ransfer  

The per icenter  altitude 

F r o m  a performance viewpoint, it is preferable to 

The t rue anomaly at initiation of powered descent (measured  f rom 
the undisturbed Keplerian per icenter  radius) var ies  with thrust-to-weight 
ratio and parking orbit  altitude. It is seen that, as parking orbit  altitude 
decreases ,  the initial t rue anomaly will increase (maximum of 180"). 

5 



The sketch below shows the initial and f ina l  t r a j ec to ry  pa rame te r s  , 
as well as change in  flight path angle,  alt i tude,  and cen t r a l  range angle. 

\ 
r 

0 

\ 
A d ' E  18 g degrees  

o o  -9.0 

Lunar Center 

The line of sight and angular range can be determined f rom Figure  12 ,  
using init ial  conditions. 
integrated f rom init ial  conditions to 300 m e t e r s  above the surface.  
initial conditions were  found by i terat ion to give the desired end conditions. 

The equations of motion were numerically 
The 

The following point mass, planar equations of motion were  used 
with cy = 180' in  all instances: 

6 
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r = V COS -4 

$ =  v sin -4 
r 

( 3 )  

(4) 

where 

m = m 0 t J m d t  (5) 

and 

F 

ex 
m = -  

V 

The velocity and flight path angle may be obtained by integrating 
the equation of motion 

V = J c d t  (7) 

, ~ ~ z &  LIA< c c 
relations 

The range and per icenter  altitude can then be calculated by the 
/ 

and the central  angle 

and surface range 

s =  r a fw 
The initial weight of the vehicle i s  

7 



The a r r i v a l  velocities for  altitude ve r sus  t ransfer  time were 
calculated using the sphere-of-influence method and a r e  shown in 
Figure 1. This method is based on the sphere-of-influence concept, 
reducing the n-body problem to two 2-body problems. 
though not exact, a r e  sufficient for  prel iminary calculations. 

These velocities, 

The velocity expended by a vehicle is the character is t ic  velocity, 
o r  

(14) 
1 

AV = Vex In 
1 - 5  

Then the velocity losses  a r e  the difference between the character is t ic  
velocity and the change in comparative velocity, o r  

where the comparative velocity i s  

and the change in comparative velocity during descent f rom r = r 
r = r  is 

to 
0 

f 

By substituting a n  original equation for velocity losses  

The undisturbed Keplerian t rue anomaly a t  initiation of powered 
descent i s  

v =cos- '  
0 

8 



SECTION IV.  RESULTS AND CONCLUSIONS 

The resul ts  of this analysis a r e  shown in F igures  2 through 23, 
separated according to pericenter and parking orbit  altitudes. 
convenience, mos t  var iables  a r e  shown a s  a function of initial v'ehicle 
thrust-to-weight ratio.  
plotted for  5 0 - ,  60- ,  and 72-hour ear th- lunar  t ransfer  t imes and 
specific impulses of 300 and 420 seconds. 
representative of present  day storable and cryogenic s tages .  

F o r  

All variables for the braking maneuvers a r e  

These specific impulses a r e  

A. BRAKE TO LUNAR ORBIT 

The t ime of initiation of burning pr ior  to Keplerian pericenter 
i s  shown in Figurk 2 .  The character is t ic  velocity required to brake to 
lunar orbi t  is shown in F igure  3 and the corresponding stage propellant 
m a s s  fraction i s  shown in F igures  4a through 4d. The change in other 
parameters  for  braking to orbit  a r e  shown in Figures  5 through 8. 

F igures  9a and 9b show the velocity ' losses due to gravity for  
the braking maneuver.  
these gravity losses  a r e  smal l  and considered to zero.  It should be 
noted that these losses  a r e  the difference between character is t ic  and 
change in comparative velocities during burning, i. e . ,  t rue gravity 
10s se  s. 

Beyond an ear th  thrust-to-weight ratio of 0 .4 ,  

The character is t ic  impulse velocity, shown in Figure 14, is 

The apocenter altitude of the t ransfer  ellipse i s  assumed 
the velocity necessary  to attain a t ransfer  ellipse f rom a c i rcu lar  parking 
orbit  altitude. 
to be c i rcu lar  parking orbit  altitude and the pericenter altitude i s  
10 kilometers in all instances.  
velocity w a s  assumed.  

Since losses  were negligible, an impulsive 

B. DESCENT TO LUNAR SURFACE 

The character is t ic  velocity for  descent to 300 m e t e r s  above 
the lunar surface is shown in F igures  15a and l5b for  specific impulses 
of 300 and 420 seconds, respectively. The corresponding propellant 
m a s s  fraction is shown in F igures  16a and 16b. 

F igures  17a and 17b show the altitude change, Ah, during 
powered descent for  specific impulses of 300 s e c  and 420 sec ,  respectively. 
A limit  is reached, f o r  a gravity turn (a, = 180°), when the altitude change 



becomes equal to the apocenter altitude. 
minimum initial thrust-to-weight ratio for  continuous burn f rom parking 
orbi t  to 300 m e t e r s  above the surface.  This l imit  i s  reflected in the 
change in flight path angle, A 8  (Figures  18a and 18b), when A8 = 90". 

This l imit  determines the 

The change in  central  angle, A+ (angular range),  during 
powered descent i s  given in F igures  19a and 19b. 
(in radians) and the mean lunar radius i s  the surface range and is shown 
in Figures  2 0 a  and 20b. 
powerkd descent i s  initiated at apocenter. 

The product of A+ 

The l imit  shown for  A$ and S i s  reached when 

The t rue anomaly, v , shown in F igures  21a and 21b, is 
0 

measured f rom the undisturbed Keplerian per icenter  radius to the radius 
a t  initiation of powered descent. True  anomaly equals 180" for  the l imit  
of minimum thrust-to-weight ratio. 
descent a r e  given in F igures  12a, 12b, 12c, and 12d. The t rue gravity 
losses  a r e  shown in Figures  13a and 13b. 
losses  a r e  a maximum in the limiting case.  

Burning t imes for  the powered 

Burning t imes and gravity 

10 



SECTION V. GRAPHIC PRESENTATIONS 

BRAKE TO LUNAR ORBIT 

11 
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SECTION V.  GRAPHIC PRESENTATIONS 

DESCENT TO LUNAR SURFACE 
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FIGURE 12. CHARACTERISTIC VELOCITY AS A FUNCTION OF PROPELLANT 
MASS FRACTION AND SPECIFIC IMPULSE 
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